Abstract This review critically examines progress in understanding the link between Alzheimer's disease (AD) molecular pathogenesis and behavior, with an emphasis on the impact of amyloid-β. We present the argument that the AD research field requires more multifaceted analyses into the impacts of Alzheimer's pathogenesis which combine simultaneous molecular-, circuit-, and behavior-level approaches. Supporting this argument is a review of particular research utilizing similar, "systems-level" methods in mouse models of AD. Related to this, a critique of common physiological and behavioral models is madehighlighting the likely usefulness of more refined and specific tools in understanding the relationship between candidate molecular pathologies and behavioral dysfunction. Finally, we propose challenges for future research which, if met, may greatly extend our current understanding of how AD molecular pathology impacts neural network function and behavior and possibly may lead to refinements in disease therapeutics.
Introduction: A Preface on Systems Neuroscience
While a wealth of information on the pathological basis of diseases such as Alzheimer's disease (AD) has been obtained with classic molecular and genetic methods, linking these findings to known cognitive and behavioral symptoms characteristic of the disease has proven difficult. Mirroring this are issues in establishing replicable methods to modify disease pathology which show functional outcomes. This difficulty is perhaps partly attributable to the unfortunately common practice of "chaining experiments": measuring molecular expression in one group of subjects, then later in another group assessing synaptic function, and finally in a last group assaying behavior. Since our perceptions, thoughts, and behaviors are all linked to the interactive dynamics of neural circuits in the brain, this "chaining" strategy is not ideal for understanding the complex and active orchestration of molecules, cells, and circuits in a functioning system.
Begetting a potential solution for this problem are the theoretical and methodological advances championed by modern systems neuroscientists. The field of systems neuroscience has furthered our understanding of perceptually and behaviorally relevant neural circuit function by taking advantage of increasingly popular molecular genetic tools, in combination with physiological and behavioral methods. In this "systems-level" approach, the contributions of specific circuits are simultaneously examined in relation to cognitive and behavioral measures. This approach can yield even more powerful results when identified cell types are probed.
It is the thesis of this review that while only rarely applied within the AD research community, a systems-level approach is a necessary tool for understanding mechanisms of this widespread disease. Indeed, it is not the expression of a given molecule which results in someone having AD but how this candidate molecule alters vulnerable circuit function in a manner resultant in cognitive and behavioral dysfunction. This complexity is further compounded during changes in behavioral state such as transitions in arousal, engagement, and attention-issues which systems neuroscientists are tackling with extraordinary progress (e.g., [1] ). Thus, these neurobehavioral assays and technological innovations by systems neuroscientists now allow for more tightly coupled approaches to understanding why certain circuits are often impacted during AD pathogenesis. Furthermore, these systems approaches may prove uniquely powerful in assessing the efficacy of disease-directed therapeutics.
In this review, we summarize basic concepts of AD pathogenesis and what is known about how these factors impact synaptic and neural network activity. Throughout this summary, we incorporate ideas regarding the strengths of various approaches, especially electrophysiological and behavioral, to understanding disease-relevant cellular perturbations. Finally, we propose several goals for future research which involve assimilating systems-level theories and methods to improve our understanding of AD mechanisms. It is our intention to not only inform but also provoke serious consideration regarding the usefulness and meaning of prevailing AD research methods.
Alzheimer's Disease: Impact and Prevalence
AD, the most prevalent form of dementia, is a progressive and fatal brain disease. Persons who suffer from AD experience sensory and memory loss, which, together, constitute a loss in intellectual abilities severe enough to impede normal daily functioning. In later stages of the disease, functionally debilitating motor loss becomes evident. Approximately five million North American's over 65 years of age suffer from AD-a number projected to triple by the year 2050 due to the growing population of aging persons [2] . AD seriously impacts those who suffer from it as well as their social network, primary caregivers, and the North American health care system. Indeed, it is estimated that the total annual fiscal impact of AD on the North American economy is approximately US $148 billion [2] . These factors combined highlight the major societal problem represented by AD.
AD is most often displayed in an idiopathic, sporadic manner-with disease onset occurring typically >65 years of age. Inheritance of the apolipoprotein E epsilon 4 (ApoE4) allele is a strong risk factor for sporadic, late-onset AD [3, 4] . However, familial AD (FAD) also accounts for AD occurrences, especially those originating early in life (<65 years of age). AD is classically characterized by the deposition of amyloid-β (Aβ) and neurofibrillary tangles in the brain [5] . Aβ is a processing product of the amyloid-β precursor protein (APP). In 1990, Levy and colleagues published the discovery of a mutation in the APP gene on chromosome 21, resulting as a single amino-acid substitution (E693Q) at position 22 of Aβ in Dutch patients with severe Aβ deposits within their cerebrovascular walls [6] . Since this initial finding, numerous other mutations in the APP gene have been discovered among families with inherited AD (for review, see [7] ). Genetic testing among FAD populations with similar FAD patterns has provided evidence for the role of genetic loci in chromosomes 1 and 14 in AD [8] , leading to the identification of mutations in the genes coding the presenilins, which are part of the γ-secretase complex that generates Aβ. In particular, mutations in the PS-1 (Presenilin-1; [9] ) and while less prevalent, PS-2 (Presenilin-2; [10] ) genes have been found among families with early onset AD. APP gene duplications are also positively associated with the occurrence of earlyonset FAD [11, 12] . Another classic hallmark of AD, neurofibrillary tangles (NFTs), are composed of hyperphosphorylated forms of the microtubule-associated protein tau (MAPT) [13] . The tau protein is encoded by the MAPT gene on chromosome 17. Whereas mutations in the APP gene are closely linked to familiar AD, no such relationship exists for MAPT variations and inherited AD.
Putative Factors Involved in AD Pathogenesis
Amyloid-β Aβ deposits are widely considered responsible for synaptic elimination and cell death (e.g., [14] ). According to work by Braak and Braak [15, 16] , Aβ plaque deposits originate first within isocortex, including basal portions of the frontal, occipital, and temporal lobes. In early stages, these deposits are sparse and distributed. During later disease stages, the entire isocortex is burdened with dense Aβ plaques, and subcortical structures including the striatum, thalamus, and hypothalamus also host similar, although slightly lesser, levels. Notably, some structures remain mostly void of plaques even during late stages of disease (e.g., substantia nigra).
Aβ plaques are small (generally <80 μm), spherical deposits of the 38-43 amino-acid Aβ peptide [17, 18] . The generation of Aβ results from the proteolytic cleavage of APP (Fig. 1a) . APP is a transmembrane protein with a long extracellular N-terminal part and a short cytoplasmic C terminus. Cleavage by α-or β-secretase generates Nterminal fragments and α-or β-carboxyl terminal fragments (CTFs). For Aβ to be produced, APP must be cleaved by β-and γ-secretase. Whereas β-secretase (BACE-1, β-site APPcleaving enzyme [19] [20] [21] [22] ) cleaves APP within its N-terminal region, γ-secretase cleaves APP within its transmembrane domain, yielding the APP intracellular domain (AICD). Aβ is found in two major forms within the brain, Aβ 40 (∼90% of total Aβ) and Aβ 42 (∼10% of Aβ) [23] . Aβ 42 was found to be the more toxic species of Aβ, and this is supported by FAD mutations resulting in disproportionate Aβ42/Aβ40 ratios [24] which show severe toxicity and dysfunction. However, structure-function studies assessing how different conformations of Aβ impact vulnerable synapses are needed to assess these relationships [25, 26] . Following secretasedependent metabolism, monomeric Aβ can form Aβ dimers, trimers, and oligomers. Soluble Aβ is secreted by cells depending upon endocytosis and synaptic activity [27] [28] [29] . As will be discussed in more detail later, secreted Aβ impacts cognitive function and behavior (in both positive and negative manners) by modulating synaptic function; however, the role for intracellular Aβ, β-cleaved fragments of APP, and the AICD in cellular dysfunction is gaining attention [30] [31] [32] .
APP metabolism is clearly important in AD pathogenesis. FAD-related gene mutations in APP, PS-1, and PS-2 are implicated in APP metabolism [33, 34] . Further, β-and γ-secretase inhibition reduces Aβ levels in the brain, resulting in reduced Aβ deposition and alleviation of behavioral deficits [35] [36] [37] . For instance, inhibition of γ-secretase with the compound DAPT (N-[N-(3,5-difluorophenacetyl)-Lalanyl]-S-phenylglycine t-butyl ester) decreases cortical Aβ in a dose-dependent manner [36] . Compounds such as DAPT which aim to turn down the cleavage of APP and Fig. 1 Pathways for Aβ and NFT aggregation in the brain. a The membrane-bound APP undergoes proteolytic cleavage by β and γ secretases, under regulation by multiple factors including BACE and presenilin, presenilin enhancer 2 (PEN2), nicastrin, anterior pharynxdefective 1 (APH1). Following APP metabolism, multiple components are generated, including N-and C-terminal fragments (the latter of which also contains the AICD [APP intracellular domain]), and monomeric Aβ that can aggregate to form oligomeric Aβ. The soluble oligomeric Aβ fragments can affect neural function either directly (see Fig. 2 ) or indirectly by aggregating to form Aβ plaques which serve perhaps as storage sites for Aβ-related toxic factors. b The microtubule associated protein tau is normally tightly bound to microtubules where it aids in normal axonal transport. However, tau hyperphosphorylation reduces its affinity for microtubules, partly resulting in a breakdown in axonal structure and allowing the filamentous tau to aggregate. This pathological process is responsible for the dystrophic and "tangled" neurons which account for neurofibrillary tangles consequentially the generation of Aβ have been considered an attractive source for disease modifying therapeutics (but see [38] ).
These mechanisms serve as the foundation for the "amyloid cascade hypothesis" of AD [39] . In accordance with this, Aβ levels increase throughout the brain during aging due to an inability of the brain to remove normally (versus pathogenically) produced Aβ. This may be exaggerated in cases of inherited ApoE4 [3, 4] . The accumulation of Aβ both impairs synaptic-and network-level processing of information and results in inflammatory and oxidative damage, which ultimately perturb cognition and behavior resulting in sporadic AD. A similar cascade hypothetically occurs in FAD, however, the increase in brain Aβ levels in these cases are due to missense mutations (APP, PS-1, PS-2).
Alzheimer's is More Than Just Aβ
The fact that persons with relatively high levels of Aβ deposition may show normal cognitive function [40] [41] [42] , combined with the failure of some anti-Aβ therapies to preserve or rescue cognitive function (e.g., [38] ) suggests perhaps that not only is Aβ not universally neurotoxic but also that mechanisms not solely reliant on Aβ also contribute to AD. Indeed, some literature suggests that Aβ's role in AD is not toxic but instead is a protective secondary response to the real culprit(s) of AD pathogenesis (for review, see [43] ). While this review focuses mostly on Aβ effects on neural activity and behavior, several alternative theories are important to discuss in relation to the pathogenesis of AD.
NFTs are inclusions composed mostly of hyperphosphorylated tau. Normally, tau is responsible for the stabilization of axonal microtubules critical for axonal transport and normal cell function and survival [44] . In some cases, though, tau changes in solubility and becomes hyperphosphorylated at particular residues (Fig. 1b) [45] . Such pathology is observed in AD, Pick's disease, and Frontal Temporal Dementia with Parkinsonism linked with chromosome 17 [46] . The hyperphosphorylation of tau reduces its affinity for microtubules, partly resulting in a breakdown in axonal structure and allowing the filamentous tau to aggregate (Fig. 1b) [13, 45] . This pathological process is responsible for the dystrophic and "tangled" neurons which account for NFTs. In the AD human brain, NFT pathology originates within the entorhinal cortex, and later is apparent in the hippocampus and neocortex [16, 47] . Tauopathies can be differentiated based upon the tau isoforms which constitute the NFTs. For example, in AD, 3R and 4R tau isoforms are observed; yet, only the 3R tau isoform is observed in Pick's disease [48] . Notably, at least in some conditions (e.g., frontotemporal dementia), the accumulation of tau is evidently independent of Aβ pathology [46] . Neurofibrillary dysfunction (i.e., NFTs) can be "induced" in mice by placing human tau isoform mutations into the murine MAPT gene [49] . Studies of this mouse model have extended previous correlative work in humans, linking NFTs to AD-like cognitive dysfunction. Although the actual pathogenesis whereby hyperphosphorylation of tau results in cognitive and behavioral dysfunction is very unclear, it is expected that axonal malformations, including axonal swellings, would impede axonal transport of vital energy sources and materials within the cell, thus robbing the cell of its basic health.
The Aβ and NFT pathways integrate in several manners. Multiple lines of evidence suggest that Aβ upregulates NFTs. Double-transgenic tau/APP mice, overexpressing human mutations of both APP (Tg2576 line) and tau (JNPL3 line), have more NFTs than tau mutants alone [50] . Further, intracerebral injection of Aβ [51] or anti-Aβ immunotherapy [52] in tau mutant mice result in altered levels of NFTs, with a positive correlation between Aβ level and NFTs in both studies. On the other hand, tau levels can mediate the neurotoxic impact of Aβ [53] . Highly compelling evidence for this comes from recent work showing that Aβ-dependent axonal transport deficits do not occur in absence of the MAPT gene [54] . Also, phosphorylated tau may modulate Aβ-dependent synaptic defects [55] as will be discussed in more detail later. These lines of evidence allow integration of two prominent AD pathogenic pathways into a more cohesive picture.
Deficient endosomal-lysosomal trafficking can induce cellular dysfunction and even the cell death typical of AD. Abnormalities of endosomes and endocytosis occur at the earliest stages of AD [56] as evidenced by the upregulation of the class of endocytosis-related genes (i.e., rab4, rab5, and rab7) early in the disease within regions most prominently impacted by AD [57] . Further evidence links these endocytic pathway alterations to upstream dependence on APP and βCTF and to downstream consequences on neurotrophin signaling and cholinergic nerodegeneration [32, 58, 59] . As reviewed in detail elsewhere [60, 61] , AD-associated genes and disease risk factors contribute to reduced autophagy and thus impede the normal clearance of damaged organelles and proteins, activated caspases, tau, and even Aβ which may all independently contribute to the neurodegeneration typical of the disease. Enhancing lysosomal proteolysis can partially restore normal cell function and cognition in APP transgenic mice [62, 63] .
Oxidative damage and cerebral neuro-inflamation are also important to discuss in the context of understanding how ADrelevant pathological features impact neural circuit function and behavior. Whereas oxidative stress is evident even prior to Aβ deposition [64, 65] , microglia-related inflammation proceeds as an apparent function of amyloidogenesis (for review, see [66] ). Activated microglia are typically observed surrounding Aβ deposits in AD and activated microglia further produce reactive oxygen species [67, 68] . Indeed, oxidative damage markers are increased in brains of persons with AD and in APP mouse models [68, 69] . Oxidative damage and neuro-inflamation are thus considered major factors in the pathogenesis of AD [70] , though perhaps secondary to amyloidogenesis (at least in FAD cases). The therapeutic reduction of activated microglia, through for example non-steroidal anti-inflammatory drugs, is a topic of interest for clinical intervention [71] [72] [73] .
Summary on AD Pathogenesis
Given the manifest purpose of this review to discuss and provoke thoughts on how to better link AD pathogenesis with impairments in synaptic information processing and behavior, we will focus on Aβ modulation of these factors since, as reviewed below, Aβ is a prime culprit in directly modulating synaptic transmission in both FAD and sporadic AD. However, we emphasize that all of the factors discussed above interplay to create the state that we call "AD." A new synthesis of the events leading to AD was recently proposed by Herrup [70] , and we suggest this as a reference for those wishing to gain a more gestalt view of AD pathogenesis.
Linking AD Pathogenesis to Neural Dysfunction
Among all of the previously listed pathological features characteristic of AD, it is important to keep in mind that it is the loss of synaptic function, not the accumulation of Aβ or NFTs, nor the occurrence of neuroinflamation and oxidative damage, which likely underlies cognitive and behavioral dysfunction in AD. Within this section, we will examine evidence for how synaptic function may be impaired in AD.
Background into Electrophysiological Studies
Synaptic changes have been at the heart of studies into learning and memory since the late nineteenth century when Ramon y Cajal postulated the neuron theory [74] . Since then, persistent, activity-dependent changes have been frequently observed within synapses-forming the cellular basis for learning and memory [75] . This is most often modeled within the hippocampal network [76] (Fig. 2a ). In this model, strong, high-frequency stimulation (termed "tetanus") of Schaffer collateral fiber input to neurons in the CA1 region of the hippocampal formation can evoke long-term changes in postsynaptic neurons (the pyramidal cell neurons), indicated by an enhancement in the excitatory postsynaptic potential (EPSP) termed longterm potentiation (LTP). LTP anatomically coincides with an increase in spine numbers and enlarged spines [77] . Weak or infrequent Schaffer collateral stimulation on the other hand fails to facilitate the granule cell EPSP response. The strong, frequent stimulation is necessary to remove the magnesium blockade of the postsynaptic glutamatergic NMDA receptor (N-methyl-D-aspartic acid) [78] and thus allow entry of calcium ions through the NMDA receptor into the cell (Fig. 2b) [79] . While α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors normally underlie unfacilitated glutamatergic transmission, their membrane expression is upregulated following tetanus and can further support LTP [80] . On the other hand, NMDA receptor activation with persistent sub-threshold stimulation can result in long-term depression (LTD), a reduction in the EPSP amplitude which coincides with a reduction in synaptic contacts [81] . LTP and LTD can function together in an experience-dependent manner to homeostatically adjust synaptic strength based on the history of activity at a given synapse. These forms of synaptic plasticity are generally homosynaptic, i.e., affecting the activated synapses and not affecting other synapses within that cell's dendritic tree [82] . However, in some cases, the induction of LTP at one synapse can facilitate the expression of LTP at neighboring synapses [83] . This type of plasticity, wherein the correlation of pre-synaptic activity with strong postsynaptic depolarization results in strengthening of that synapse, is commonly referred to as Hebbian plasticity and is considered an effective way of storing experience-dependent information in a neural circuit [75] .
Aβ and Synaptic Loss LTP and LTD studies within the hippocampus have provided vast information on the modulation of synaptic function by Aβ. This research has contributed to the synthesis of the Aβ-dependent synaptic degradation theory (for reviews, see [84, 85] ). Multiple variants regarding the intracellular mechanisms behind Aβ-dependent synapse loss exists. In one model, the binding of oligomeric Aβ to postsynaptic membrane-bound α-7 nicotinic (nAChR) receptors renders neighboring NMDA receptors inactive and ultimately they internalize following a sequence of intracellular signaling events (Fig. 2b) [86] . Perhaps complimentary, recent findings suggest direct influences of Aβ oligomers on the receptor tyrosine kinase EphB2 [87] , which prevents the normal EphB2-NMDA receptor interaction, important for stabilization of NMDA receptors on the membrane and induction of LTP [88] (Fig. 2c ). An additional model [55] proposes that the phosphorylation of tau by Aβ results in more phosphorylated tau accumulating in the synapse (Fig. 2d) . From there, the phosphorylated tau, similar to the previous models, weakens the membrane stability of the NMDA receptors. Across all of these models, the internalization of membrane-bound NMDA receptors reduces the strength of the synapse and its ability to express NMDA-dependent plasticity, impacting normal cell-cell communication [86] . This cascade, if persistent, could have detrimental effects on the cell including complete synapse loss. Indeed, Aβ-dependent internalization and endocytosis of AMPA receptors results in the withdrawal or loss of dendritic spines [89] . As an example of this, Shankar and colleagues [90] extracted oligomeric Aβ from the cerebral cortex of humans with AD and examined the modulation of LTP and LTD in the mouse hippocampus. The authors found that Aβ oligomers reliably inhibited LTP, enhanced LTD, and reduced the density of dendritic spines. The effect of Aβ on LTP and LTD was dose dependent and could be blocked with bath application of antibodies to the Aβ N-terminus [90] . Thus, soluble oligomeric Aβ robustly alters synaptic function.
While soluble Aβ is clearly important in modulating synaptic activity (e.g., [90] ), the physical presence of Aβ plaque deposits also impacts normal cellular function and synaptic activity. As gross evidence of this, an approximately 50% reduction in spine density is observed within a 20 μm region surrounding plaques in Tg2576 APP mutant mice [14] . Further, in AD human tissue, neural processes neighboring Aβ plaques display deviated pathways, seemingly to avoid encroaching plaques which could result in a several millisecond delay in axonal transmission speed [91] . Such a delay could potentially disrupt temporal summation by target neurons and, when summed globally, could Regions CA1, CA3, dentate gyrus (DG), and subiculum (S) are indicated. In this example, a traditional paradigm with electric stimulation (V+) of the Schaffer collaterals and postsynaptic recordings (outgoing arrow) from the hippocampal CA1 pyramidal cells is depicted. LTP in these synapses is NMDAR (N-methyl-D-aspartic acid receptor) dependent and subject of vast research regarding AD-related cognitive deficits [182] . Several notable models regarding AD mechanisms on cellular learning and memory exist. NMDARs normally allow the influx of calcium (Ca2+) and sodium (Na+) ions upon the binding of glutamate. In one model (b), however, the binding of soluble Aβ to postsynaptic membrane-bound nAChR receptors (1) results in the eventual destabilization of the neuronal PDZ protein, PSD-95, which anchors the NMDARs to the synaptic membrane. This destabilization of the NMDAR yields its ultimate internalization (2) .
This internalization of membrane-bound NMDARs reduces the strength of the synapse (for instance less LTP) (3). In related model (c) [87] , Aβ oligomers bind to the receptor tyrosine kinase EphB2 (1), preventing the normal EphB2-NMDA receptor interaction known important for stabilization of NMDA receptors on the membrane and induction of LTP [88] . EphB2-dependent loss of surface NMDARs (2) thereby reduces synaptic strength (3). Tau is also thought to impact synaptic strength in an Aβ-dependent manner (d) [55] . Hyperphosphorylation of tau, due to Aβ, results in the aggregation of phosphorylated tau in dendritic spines (1) . This may lead to reduced stabilization of NMDARs to the PSD complex (2) and ultimately their internalization (3) . In this manner, phosphorylated tau may reduce synaptic strength (4) . Across all of these models, the enhanced NMDAR internalization will entail reduced surface expression of AMPA receptors (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) and a major change in synaptic efficacy, and ultimately spine loss [89] substantially disrupt temporal patterns of neural firing. Additionally, highly atypical cellular responses can be observed around Aβ plaques. Busche and colleagues [92] found a mix of suppressed and hyperexcited responses in different populations of cells which surrounded Thioflavin-S positive Aβ plaques (representing β-sheet fibrillar Aβ deposits) in APP model mice. Such hyperactivity within some neurons was associated with a reduction in GABAergic (γ-aminobutyric acid) inhibition. Hyperactive neurons were found only within proximate regions of plaques. Thus, Aβ does not apparently result in a simple decrease in synaptic activity as the synaptic loss and cell death studies [84, 93] would lead one to believe. Similar recent work in APP mice has shown that abnormal Ca2+ waves among astrocytes can be observed spreading as far as 200 μm from Aβ plaques [94] and that neuritic calcium homeostasis is impaired in mice with, but not without, plaques [95] (but see [96] for an example of how APP expression in cultured neurons inhibits endogenous calcium oscillations). Thus, whether it is a direct toxic effect of Aβ or other APP-related neurotoxic factors (e.g., CTF's [32] ), for which the plaques could be a reservoir, the physical presence of the Aβ plaque has serious implications for neural processing.
These Aβ-dependent changes in synaptic activity can themselves directly impact the synthesis and secretion of Aβ [27, 29] . Increased synaptic vesicle release serves to enhance the accumulation of Aβ within and around the synapse. The persistent mechanisms of Aβ on the synapse, such as the above described NMDA-dependent mechanisms (Fig. 2) , go on to depress excitatory neurotransmission. Thus, Aβ-induced changes in synaptic activity engage an Aβ-dependent positive feedback loop which results in the eventual synaptic loss and anatomical modifications (e.g., spine retraction) observed in AD.
Neural Synchrony: A Simple Measure for Network Dysfunction in AD A popular avenue of neural analysis in both humans and AD mouse models are measures of neural synchrony [97] using scalp electroencephalogram (EEG) or local field potential (LFP) recordings (Fig. 3) . These methods reflect summed neural events across large spatial regions and thus activity from thousands of cells. While lacking in spatial precision, these network-level analyses are advantageous when studying principles of information processing. For instance, the encoding of an odor memory requires information to travel from the olfactory bulb, to the olfactory cortex, to the entorhinal cortex, and finally to the hippocampus [98] . An understanding of complete system function, therefore, must include multisite recordings which can assay large-scale network function such as that provided by EEG and LFP recordings. Fig. 3 Physiological methods in the study of AD. A wealth of methods are available in the study of neural circuits in AD models; yet, each with its unique strengths and weaknesses. The most common tool in AD model physiology is the hippocampal slice preparation (a) which, while allowing precise recording sites and pharmacological interventions, is in an isolated neural circuit far disconnected from possible behavioral readouts. Allowing simultaneous physiological and behavioral recordings are the methods depicted in (b-e). Whereas in vivo scalp EEG (electroencephalography) presents with relative ease of data collection in comparison to the more precise methods in (c-e), it lacks spatial resolution. In contrast, whereas spatially and temporally precise methods shown in (c-e) allow high levels of resolution, the data collection and analysis can be very time consuming, making the task to interpret large populations of data exceptionally time consuming. LFP local field potential
The characteristic EEG in AD contains a shift towards lower frequency rhythms in the power spectrum (a "slowing") and a reduction in fast rhythm coherence [99] . In one early example, 55 out of 71 patients with various forms of dementia had abnormal EEG activity [100] . Further, the authors found that the degree of slowing in the EEG activity was associated with the magnitude of cognitive impairment. EEG studies relating EEG measures with AD pathogenesis are less common though. However, literature looking at EEG throughout stages of AD may allow inference regarding pathogenesis. First, EEG changes appear sensitive to transitions from mild cognitive impairment to AD [101] , perhaps reflecting a reduction in GABAergic inhibition [92, 102] . Second, during early onset AD, there is an increase in theta power and through disease progression there is a reduction in alpha power [103] . Finally, enhanced theta power and lower beta power in some cranial regions are significantly correlated with upcoming cognitive decline [104] . These differences in cortical EEG power may reflect differential vulnerability of circuits to pathology. Combining what was previously discussed in terms of the synaptic loss hypothesis and events related to neural activity regarding Aβ, these results suggest a possible utility of EEG in inferring Aβ deposition (and possibly other AD-related pathologies including NFTs) within the brains of AD patients. However, such methods would not provide the sophistication in terms of spatial resolution to understand precise relationships between pathology and circuit, cognitive, and behavioral dysfunctions.
Rodent LFP studies provide enhanced resolution to assess impacts of Aβ presence on circuit function. The hippocampal circuit, as commonly studied in AD models, relies upon a network level LFP theta rhythm to entrain neural information [105, 106] . In one recent study, Aβ was injected into the hippocampus of rats and theta rhythm in the septum measured to understand how hippocampal Aβ changes the spread of information to the septum within the theta frequency range [107] . This design is optimal since any aberrant activity in the septum must be due to the Aβ in the hippocampus, whereas, within APP transgenic mice with widespread Aβ deposition, the exact source of dysfunction is unclear. The authors found that Aβ within the hippocampus resulted in a reduction in LFP theta power in this model [107] .
Another AD-relevant group of investigations utilizing EEG and LFP recordings come from studies on epileptic activity. AD humans [108] and APP transgenic mice display epileptic seizures which can be observed behaviorally (visible convulsions) and by looking for epileptiform activity with EEG or LFP recordings [109] [110] [111] . Anatomically, APP mouse brains display atypical innervation by hippocampal mossy fiber collaterals of inhibitory basket cells [110] , a circuit especially implicated in seizure activity. The occurrence of seizure activity seems likely due to fibrillar, but not oligomeric Aβ [109] ; however, this is quite surprising given the impact of oligomeric Aβ in synaptic function as described above (e.g., [90] ). This epilepsy-relevant model presents not only a unique opportunity to understand how Aβ influences circuit function but also why seizure prevalence is greater in AD than in normal aged individuals [108] .
But What about Studies of Neural Function in a Behaving Model?
Studies of multielectrode single-unit electrophysiology in behaving models are unfortunately even less common. These studies are valuable in that they can probe deep brain structures implicated in AD with single or multi-cell resolution. Within the rat hippocampus, the greatest determinate of cellular firing is the animals' location in space [112] . A recent study examined the activity of these "place cells" in aged (16 months old) Tg2576 APP mice [113] and found that place cell firing is disrupted. In particular, an increased place field size (the region in physical space wherein the place cell is active) was found in APP mice versus nontransgenic controls. The authors hypothesize that this deficit in place cell activity may underlie known spatial memory deficits in APP mice, and in fact, the deficits in place cell firing correlated with spatial memory behavior in these mice [113] . While not exhaustive in how different conformations of Aβ may play roles in this dysfunction, this study is a fantastic example of applying existing ethologically relevant neurocognitive assays, advanced electrophysiological tools, and AD models to understand disease-relevant dysfunction.
Despite the implication of most work on Aβ and neural function, Aβ is not inherently bad. In fact, Puzzo and colleagues recently showed that picomolar levels of Aβ 42 monomers and oligomers actually facilitate normal hippocampal LTP [114] . This and other studies which will be discussed later point towards a multiplexed function for Aβ within neural networks. Whereas too little or too much Aβ negatively impacts synaptic transmission and neural function, a median, nonpathological amount of Aβ within the brain (and local at the synapse) serves a necessary physiological function.
Alternate Sources of Neural Dysfunction in AD
After all this discussion on the regulation of synaptic activity by Aβ, what role is there left for modulation by other pathological factors? As mentioned earlier, hyperphosphorylation of tau results in a breakdown in axonal transport and an aggregation of tau [13, 45] . Teasing apart the effects of tau and Aβ in AD has been difficult since both are hallmark pathologies of the disease [5] . A pivotal recent study by Ittner and colleagues [115] reported that the cellular effects of Aβ are at least in part mediated by tau. Δtau74 mice overexpressing truncated tau (only expressing the projection domain of the human tau 40 isoform) and tau knockout mice (tau −/−) display atypical postsynaptic targeting of the tyrosine-protein kinase Fyn. Previous work showed that Fyn reductions in APP mouse models reduces Aβ-dependent neurotoxicity [116] . Ittner and colleagues report that this mistargeting of Fyn prevents and even perhaps protects from normal NMDA receptor-mediated Aβ excitotoxicity. In fact, crossing tau−/− or Δtau74 mice with APP23 mice reduced the severity of pharmacologically induced seizures [115] . Thus, in addition to Aβ-induced exaggeration of tau in APP models [52, 117, 118] , tau can also exaggerate the effects of Aβ on neural function.
Recent findings also suggest that presynaptic PS-1 expression modulates LTP [119, 120] with reductions in presynaptic PS-1 associated with weaker LTP. Depleted presynaptic PS-1 levels impair normal Ca2+ release from the endoplasmic reticulum store which ultimately impairs neurotransmitter release probability and thus LTP [119] . These results highlight the impact of pre-synaptic and not only postsynaptic mechanisms (as mostly implied in the synaptic loss theory) in AD pathophysiology.
Perhaps explaining the occurrence of LTD in APP models is work on the small GTPase rab5 and its involvement in AMPA receptor internalization. Endosomal-related genes, including rab5, are upregulated in AD-vulnerable brain areas [57] . In the postsynaptic terminal, rab5 activation removes both GluR1 and GluR2 AMPA receptor subunits, thereby facilitating LTD [121] . This facilitates the subsequent increase in rab5 resulting in an activity-dependent scenario where more synaptic activation results in the progressive removal of AMPA receptors from the postsynapse [121] . While this cascade could be considered Aβ-independent, the fact that Aβ can also result in hyperexcitability which consequentially will facilitate rab5 accumulation suggests that these two factors may in some situations indirectly interact to exaggerate pathophysiology. Indeed, APPdependent apoptosis is at least partially modulated by rab5 [122] and the spatial pattern of rab5 gene expression is associated with high levels of Aβ deposition [57] . Determining whether rab5 changes precede or are a consequence of other AD-related factors (Aβ, βCTF, or AICD elevations) will be an important step in understanding the occurrence of LTD in the disease. Analogous evidence may come from work in Down syndrome, a form of early-onset AD, wherein rab5 changes are driven by βCTF, independently of Aβ (or γ-secretase) [32] .
Summary on Dysfunctional Neural Activity in AD
The results of the above studies reflect that synaptic dysfunction can span multiple levels of processing in the brain. While loss of single synapses may go mostly unnoticed during daily functioning, similar losses on a greater scale (hundreds to thousands of synapses) would dramatically alter the dynamics of the cell, the local circuit of which the cell is a part, and all inter-connected regions (e.g., [123] ). Long-term dysfunction across these levels may lead to remodeling of vital circuits and thus will entail serious consequences for brain function. Thus, while changes in synaptic strength, membrane dynamics, and spike timing are all critical to local circuit function, it is likely not wise to ignore network-level phenomenon (e.g., neural synchrony) widely considered important for normal cognitive function [97, 124] . Further, while single-cell analyses will provide important and precise clues to AD mechanisms, network-level events may be more feasible for broad, sweeping studies into the impact of particular pathogenic features on neural function. This is especially true when trying to relate function with behavior as alluded among the behavioral studies discussed below.
AD Pathogenesis and Behavioral Dysfunction
Behavioral Dysfunction in Relation to Aβ A strong relationship exists between AD biomarkers and the severity of cognitive and behavioral dysfunction [125, 126] , though sometimes discrepancies with this relationship are reported. Work in AD mouse models is overall supportive in concluding that the spatiotemporal patterns of Aβ are highly correlated with the magnitude of behavioral dysfunction (e.g., [127] [128] [129] [130] [131] ). Similar to the AD electrophysiological methods, most behavioral assays in AD mouse models are based upon impairments in learning and memory. Research in an early APP mouse model, the PDAPP mouse [132] , revealed that spatial memory in a water maze is negatively associated with the accumulation of Aβ deposits in the hippocampus [133] . In this study, PDAPP mice showed age-progressive deficits in water maze behavior, but not object recognition [133] . This finding is intriguing since the regions of the brain responsible for these two behaviors, which were differentially impacted by Aβ deposition, are somewhat overlapping. Regardless, this research started a landslide of studies linking Aβ deposition in transgenic models with clinically relevant learning and memory impairments. Occurring around the same time, another APP transgenic mouse line, the Tg2576 mouse [130] , also showed that Aβ progression (Aβ 40 and Aβ 42 ) was associated with a reduction in spatial reference memory. Importantly, and supportive of the physiological effects discussed above, these data reflect a common theme which has been upheld over the years in AD model research, namely that dysfunction can occur even prior to the development of fibrillar Aβ plaques. Thus, soluble Aβ or other APP metabolites are focal points of much research today. In fact, a recent study by Gandy and colleagues using a new model of mice, expressing the E693Q APP mutant, which produces oligomeric Aβ without parenchymal fibrillar Aβ deposition, reports that elevations in soluble oligomeric Aβ is the prime culprit underlying behavioral disruption (spatial memory in Morris water maze) [134] .
Sensory dysfunction is common in AD [135] [136] [137] [138] . Olfactory sensory dysfunction is particularly evident in AD mouse models, including those of both tau [139] and APP [129, 140] . A recent study by our group [129] reported that APP Tg2576 mice display age-dependent progressive loss of olfactory sensory function. In this study, mice were screened in an odor habituation assay which is an ethologically relevant task that relies upon the animal's intrinsic attractivity to odors to extrapolate measures of odor investigation, odor habituation over repeated short-interval presentations, and even a crude measure of odor discrimination (Fig. 4) . This task is potentially advantageous to other more traditional tasks used for phenotyping mice since, as among other things, it allows repeated testing of the same animal (Fig. 4) . Also, supporting the use of the odor habituation task, another recent work has shown that the odor habituation task yields more significant results when comparing APP with WT mice than Pavlovian fear-conditioning [141] . The odor habituation task revealed that olfactory dysfunction is detectable at just 3 months of age in Tg2576 mice. Also, at 3 months of age, aggregated non-fibrillar Aβ was detected within the outermost layer of the olfactory bulb (the glomerular layer), but nowhere else in the brain. Thus, the results of this study suggest that early-life olfactory dysfunction is likely attributable to this initial deposition of Aβ within the olfactory bulb [129] . However, other neurotoxic factors related to APP processing (e.g., βCTFs, AICDs), which coincide with the accumulation of Aβ may also play a role in this model [32, 142] . These studies are especially important in AD models since olfactory sensory dysfunction, including deficient abilities to discriminate and recognize odors [143] [144] [145] , is a prevalent early indicator of AD and may contribute to not only understanding AD pathogenesis but also enhancing diagnostic sensitivity for the disease [146] . Future studies which examine the neural correlates of impaired odor habituation behavior will provide unique insights into the behaviorally relevant modulation of synaptic activity by AD pathogenic factors, such as Aβ.
Manipulations of FAD models, either genetic or pharmacological, have yielded additional insights into the role of Aβ levels and Aβ conformations in behavioral dysfunction. Acute and chronic treatment methods, including Aβ immu- Fig. 4 The odor habituation task as a robust behavioral assay in AD model research. Whereas traditional behavioral assays to phenotype AD model mice have yielded insights into disease pathogenesis, including Pavlovian and contextual fear-conditioning tasks, and the Morris water maze task, novel behavioral models may offer several advantages. The odor habituation task [129] , for instance, provides behavioral screening within less than 20 min per mouse in their home cage. Further, this assay allows for repeated (longitudinal) testing, relies upon a well-explored neural circuitry (the rodent olfactory system), and imposes minimal sensorimotor demands. This task and others like it which provide numerous advantages over more commonly used assays will allow substantial progress in AD model phenotyping, tracking pathological progression, and in evaluating candidate therapeutics. Such tasks will be especially valuable when combined with simultaneous monitoring of neural activity (such as those described in the later portion of Fig. 3) nization therapy [147] [148] [149] [150] [151] and a variety of other methods [65, 152, 153] (just to list a small portion) have revealed rescues of behavioral dysfunction in AD mouse models, yet which do not always correlate with decreases in pathology.
Crossing of mouse models so that AD-related mutations are co-expressed within the same mouse has revealed the often compounding effects of FAD mutations on Aβ deposition and behavior. APP transgenic mice crossed with PS-1 FAD mutant mice deposit Aβ earlier in life and by 12 months of age show greater Aβ deposition than the APP mutant mouse alone [154, 155] . In contrast, genetic methods to enhance lysosomal proteolysis to eliminate potentially toxic proteins including Aβ [141] , can preserve normal behaviors. Whereas in a 6-month-old TgCRND8 mouse, which overexpresses APP with two FAD APP mutations shows high levels of intracellular protein accumulation, including Aβ, accelerated extracellular Aβ deposition, and significant deficits in fear learning and odor habituation behavior, these pathologies are ameliorated and behavior is preserved to WT levels in CBKO/TgCRND8 mice [141] . Whether this preservation is extended into models which serve to remediate Aβ aggregation [156, 157 ] is yet to be determined.
AD model mice also display abnormal sociosexual and motivated behaviors [158] [159] [160] . These findings are potentially interesting when thinking about social behavior issues in AD (e.g., agitation, aggression). The execution of social and motivated behaviors also requires coordination of numerous levels of sensory input along with internal states (attention/arousal levels). Thus, these studies present a potentially unique glance at dysfunction in AD. For instance, nest construction is an essential affiliative behavior important for social interaction which also contributes to the survival of offspring. Building nests requires coordinated chewing and pulling of materials with the teeth and forelimbs, as well as the grouping of material into the nest. APP transgenic mice do not construct normal nests [159, 160] . This deficit appears to be induced by mutant APP gene overexpression but is also exaggerated throughout aging [159] which suggests that it is also influenced by the accumulation of Aβ or perhaps other neurotoxic factors related to APP overexpression. In another study, Park and colleagues found that male APP mice display enhanced copulatory behavior both before and after castration. Further, continued copulation in male mice following castration was highly associated with an upregulation of the APP gene in the hypothalamus [158] .
Aβ also plays a supportive role in normal behavior [114, 161] . At least two different groups have shown that Aβ is necessary to support learning and memory-based tasks [114, 161] . Similar conclusions may perhaps be drawn from the work discussed above by Park and colleagues on male sexual behavior where greater APP expression seemingly facilitated sexual behavior [158] . Thus, across all of these studies, it is important to consider Aβ not as a static entity (toxic or nontoxic) but that variations in not only Aβ conformation but also concentration are important in mediating differential effects on behavior.
Behavioral Dysfunction in Tau Mutant Mice
Mice overexpressing human tau isoforms also develop progressive behavioral impairments, however, distinctly different from APP mice. Tau mutants are often reported to be free of dysfunction in most commonly used learning and memory tasks despite pathological accumulation in the hippocampus [162] . However, a strong motor-based phenotype is apparent in tau models. For instance, the JNPL3 mouse develops motor deficits and eventually hind-limb paralysis [163] . Further, inhibiting tau phosphorylation, but not removal of NFTs, with a kinase inhibitor (K252A) preserved normal motor function in JNPL3 mice [163] . In addition to motor deficits, tau mutant mice are impaired in olfactory habituation behavior [139] (similar to that mentioned earlier in APP transgenic mice). Further, novel recent work by Scattoni and colleagues has revealed an early social behavior phenotype in the tau mutant mouse P301S [164] . By taking advantage of the natural tendency for mouse pups to emit ultrasonic vocalizations (10-100 kHz) upon maternal separation, the authors revealed that tau mutant pups emit greater abnormally high amounts of ultrasonic vocalizations. Thus, similar to APP mutant mice, tau mutants display a diverse repertoire of behavioral phenotypes which span a variety of bases (cognitive, sensory, motor, and social).
Reflecting the above-discussed interactions between Aβ and tau, recent work has also shown that overexpression of tau along with APP, accomplished with a tau/APP cross, may be beneficial in preserving cognitive and motor impairments [165] . The differential role of tau and Aβ in inducing often unique behavioral deficiencies possibly reflects aspects of spatial deposition of such mutations. Alternatively, neural circuits responsible for these behaviors may be especially vulnerable to particular pathologies. For instance, the hippocampal and olfactory systems may be especially vulnerable to Aβ-mediated cell dysfunction (both behaviors are highly correlated with Aβ deposition) whereas motor systems may be more vulnerable to tau pathology. Experiments to tease out these questions will be important in clarifying the roles of these pathologies in AD-relevant dysfunction.
Alternative Mechanisms of Behavioral Dysfunction
Several novel models mimicking the clinically relevant deficits observed in AD, and even some aspects of AD-like pathology are especially interesting in relation to understanding the impact of AD pathogenesis on behavioral dysfunction. One example of this, the FeCy25 mouse [31] , overexpresses the AICD and, even though no changes in APP processing or Aβ levels are observed, displays progressive impairments in working memory. Despite the stability of Aβ levels, FeCy25 mice display heightened hyperphosphorylation and aggregation of tau and neurodegeneration. Thus, it is clear that independent of Aβ, the AICD alone can modulate behavior [31] . How the AICD overexpression directly modulates neural activity in behaviorally relevant manners remains unresolved.
A Need for Modeling Direct Relationships Between AD Pathology and Neuronal and Behavioral Dysfunction: Future Quests
The ever-progressing development of refined AD models, in combination with sophisticated methods to record from identified neural populations, presents an exciting time whereby classic molecular studies can be paired with physiological analyses of neural function in manners to further the understanding of AD-relevant mechanisms. These studies can go far beyond simple assessments of molecular expression, LTP, and behavior-as is typical in AD animal model research. After all, what does knowing animal X has more Aβ in the hippocampus and that this type of animal also has deficient hippocampal LTP really tell us about AD pathogenesis? Additionally, could it be that these multistep studies are a likely contributor to the failure of so many putative AD treatments to pass from preclinical to clinical success? Indeed, hippocampal LTP, the most commonly studied physiological trait in AD models, is not linked with all forms of learning and memory, cognitive, or behavioral processes. NMDA receptor mutant mice show differential abilities for learning and memory (e.g., [166] [167] [168] ). Thus, perhaps it is not surprising that methods which base outcomes on changes in LTP/LTD have not stood the test of time in providing serious translational understandings.
What can be done to more tightly linked molecular characteristics of AD, be it Aβ, tau, cell death, or neuroinflamation, with behavioral dysfunction? The solution may be more precise circuit analyses which closely link circuit function with strictly defined behaviors. Future research on specific cell types which combines genetic model systems, molecular tools, physiological readouts, and neurocognitive assays will reveal tight understandings between cognitive and behavioral dysfunction in a manner which will expedite and optimize therapeutic interventions. These explorations will be even more fruitful in assessing impact of certain circuit dysfunction when combined with methods to overexpress mutations of APP, MAPT, or the presenilins within particular neural cell types.
Directions for Future Preclinical AD Research
Enhance Diversity of Model Systems and Circuits
Focusing upon the hippocampal circuit which is so well explored seems advantageous in some regards. However, perhaps the fact that clear relationships between disease pathology and behavior have not been established is telling us something. While learning and memory impairments are a serious component of AD symptomatology, this may not be the "gold standard" method whereby to understand disease pathogenesis. Other methods which are more closely tied to circuit function and behavior might open doors that allow insights into novel mechanisms and relationships. Additionally, methods which simply uncover novel behavioral and circuit-level dysfunction may lead to exciting new findings. One promising model which may meet these demands is the odor habituation task [129] . Also, of consideration for this is the recent emergence of sexual and social behavior screening in relation to pathological expression [158] [159] [160] 164] . Given the reliance of rodents on sensory cues and their predisposition to engage in social behaviors, these particular avenues of research in AD rodent models may be ideal. Exploring the extent of diseaserelevant molecular perturbation on behaviorally relevant circuit function in these novel models will surely lead to exciting new discoveries.
Reduce the Use of Multistep Experiments
Chaining analyses from mouse to mouse, with each mouse providing different clues to the question at hand likely presents opportunities for unfortunately problematic conclusions. This may be especially evident when comparing in vivo pharmacological outcomes. The failure for many preclinical results to translate into success in human studies suggests that while chained experiments may provide clues regarding the most superficial and grossly-obvious disease features, they may not sufficiently reflect the in toto state of the system necessary for proper daily function and survival.
Instead, measuring circuit function in behaving or at least awake animals will allow direct relationships to be formed between pathogenesis, neural activity, candidate therapeutic approaches, and behavior. Investigations into network activity versus the function of isolated cells is especially important given the importance of network-level function to cognition and behavior, and the relationship of network-level activity to AD (e.g., [40, 99, 169] ). Several groups have already begun to make major strides in understanding disease mechanisms through this systems-level approach [92, 110, 113] , and those following in their footsteps will undoubtedly offer exceptional insights into not only basic neuroscience mechanisms but also disease function and therapeutic strategies.
An example of multifaceted analyses in the same individual mouse include directly addressing the contributions of Aβ deposits to neural processing and behavior by combined in vivo Ca2+ imaging with simultaneous Aβ plaque imaging in behaving mice. Ca2+ imaging of cells loaded with Ca2+ sensitive dyes has provided exceptional insights into the basic principles of neural processing [170] [171] [172] [173] [174] [175] . Ca2+ imaging yields superior ability to collect data from hundreds of cells, over a large spatial region at a single time in vivo, making it superior to current multi-electrode methods. Further, the temporal resolution of Ca2+ imaging is several orders of magnitude higher than alternative imaging methods, especially in comparison to functional magnetic resonance imaging (fMRI). In fact, modern analysis methods even allow for the deconvolution of action potential firing from Ca2+ imaging data [176, 177] . Thus, Ca2+ imaging in vivo, and especially in awake-behaving animals, wherein Ca2+ responses can be matched with behavioral responses [177] [178] [179] , presents as a potential major tool in understanding the impact of AD pathological features on circuit function (Fig. 3) .
Devote More Energy to the Validation of Translational Models
A wealth of phenotyping tools is available for use in AD rodent models. While all may provide clues to disease mechanisms, not all are easily translatable into the clinical setting. One example of this is the Morris water maze for spatial memory [180] . This task has elucidated numerous basic principles of hippocampal circuit function and is fairly sensitive in phenotyping AD mouse models. However, especially after taking into account inherent confounding variables [181] , it is not clear that this test provides translational relevant information. Behavioral tests which directly monitor the function of identified circuits in the brain in mice and can be adapted to the clinical setting are needed to allow direct translational spread of knowledge gained preclinically. The same applies to tools that monitor neural activity. Methods such as EEG, LFP, and fMRI in awake animals offer much promise in translating knowledge directly into clinical studies. Ideally, these studies would focus on neural circuits which are most early impacted by disease pathogenesis (e.g., entorhinal cortex and olfactory cortex). Further development and largescale validation of all of these methods and how they relate to AD molecular markers is needed to allow insights which will stand the test of time clinically.
Conclusions
The science of understanding the molecular basis of AD is at an exciting place in time. It is clear that Aβ and other pathological features of the disease (e.g., tau, βCTFs, endosomal dysfunction) impact neural function which ultimately precipitates aberrant network-level activity. Aβ especially plays multiple critical roles in synapse loss and network dysfunction which seem to impact cognition and behavior. However, direct links between the steps within this network dysfunction → behavioral dysfunction cascade are very unclear. These gaps in knowledge preclude not only our understanding of basic AD pathogenesis but also the development of disease-targeted treatments. Given the importance of information processing across a distributed network, versus within isolated brain slices, future studies assessing in vivo network function will be critical to our understanding of AD mechanisms. The ever improving development of AD-like model animals, in combination with the increasing sophistication of rodent behavioral and physiological methods paves the way for great advances in AD research to be made.
